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Abstract
The cross section for vector leptoquark production in electron–gluon colli-
sions is calculated analytically using the Lagrangian with the minimal cou-
plings between the leptoquarks and the gauge fields of the standard model. It
is found that the cross section significantly exceeds the corresponding quan-
tity previously presented in the literature. The cross section of exclusive
W boson production in neutrino–photon scattering emerges as a by-product
of this letter. The obtained results can be used for studies at ep colliders.
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1. Introduction
The cross section being the most important quantity for description and
interpretation of physics underlying interactions of particles connects the-
ory and experiment. Accurate knowledge on it is therefore very important
for deeper understanding already well established theories like the standard
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model as well as for search of new physics.
The effective Lagrangian of the leptoquark model proposed by Buchmu¨ller,
Ru¨ckl and Wyler in 1986 [1] obeys the symmetries of the standard model
gauge groups SU(3)C × SU(2)L × U(1)Y . Therefore one may expect that
dynamics of some processes in these models can formally coincide so that
the calculated cross sections turn out also to be the same up to constant
factors associated with different couplings. This letter shows that exclusive
production of W bosons in neutrino–photon scattering and production of
vector leptoquarks in electron–gluon collisions represent such a situation in
the leading order of perturbation theory provided the leptoquarks minimally
couple to the gauge fields of the standard model. The cross sections of both
reactions are calculated analytically. A significant difference between the
result of this letter and previous analysis of the leptoquark production is
found.
2. Comparison of the models
Following [2] let us also postulate the Lagrangian with minimal couplings
between vector leptoquarks and the neutral gauge bosons of the standard
model:
Lγ,Z,g =
∑
V
[
−1
2
G†µνG
µν +M2V V
µ†Vµ (1)
−i
∑
j=γ,Z,g
gjV
†
µVνF
µν
j
]
,
where Gµν = DµVν − DνVµ is the field strength tensor of vector lepto-
quarks, Fµνj are the field strength tensors of the neutral gauge fields of the
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standard model, gj are the coupling constants for the interactions between
these gauge fields and the leptoquarks. The covariant derivative Dµ is defined
by
Dµ = ∂µ − ieQAµ − ieQZZµ − igsλ
a
2
Aaµ. (2)
Here Aµ, Zµ and A
a
µ are the photon, Z boson and gluon fields, respec-
tively; e is the elementary electric charge, Q denotes the electric charge of a
leptoquark, gs is the strong coupling constant, Q
Z = (T3−Q sin2 θW )/ sin θW cos θW
(T3 is the third component of the weak isospin, θW is the Weinberg angle),
λa are the Gell-Mann matrices.
From (2) it follows that the Feynman rules for the ZV V and γV V vertices
are similar to the ZWW γWW ones [2]. The couplings of vector leptoquarks
to the gluon fields have also analogy with the self-interaction of the gluons.
For example, in Fig. 1 the explicit form of the Feynman rules for the γWW
and gV V vertices are given. One can see that they differ only by constant
factors.
Let us consider two exclusive reactions. The first one is theW production
in neutrino–photon scattering allowed by the standard model [3]:
νl + γ → l +W, (3)
where l =e, µ, τ .
The second one is production of vector leptoquarks (V ) in interactions
of left/right polarized electrons with gluons appearing in the Buchmu¨ller–
Ru¨ckl–Wyler leptoquark model [4]:
3
eL/R + g→ q + V. (4)
The reactions (3) and (4) are closely related to each other from a formal
point of view. To illustrate this, it is convenient to represent the considered
interactions in the form of the Feynman diagrams so that the amplitudes con-
tributing to (3) and (4) will look as shown in Fig. 2 and Fig. 3, respectively
[3, 4].
The leptoquark Lagrangian has such symmetry properties that the Feyn-
man rules for the vertices V eq respectively coincide in their structure with
those of the standard model for the vertices Wνl up to constant factors (see
Fig. 4). As to the familiar rules corresponding to the γll and gqq vertices,
they also differ from each other only by the coupling constants and the color
coefficients. This means that in the limit of massless initial state leptons
the leading order cross sections of the reactions (3) and (4) will have exactly
the same dependence on the Mandelstam variables and on the masses of the
final state particles differing from each other only by a constant as well. Such
relations between processes are well known in quantum field theory. Most
simple QCD diagrams are exactly analogous to QED diagrams, and the QCD
cross section is obtainable by appropriate replacements of the coupling con-
stants in the QED one corresponding to the replacement of the photon by a
gluon [5].
Suppose that σ1(s,MW , ml) and σ2(s,MV , mq) are the leading order cross
sections of the reactions (3) and (4), where s is the center-of-mass (cm)
energy squared, Mi and mj are the masses of the final state particles. Then,
in accordance with the above discussion, they must satisfy the following
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condition:
σ1(s,M,m)
σ2(s,M,m)
= const.. (5)
Note that both cross sections in (5) are taken with the same values of the
masses. Therefore, it is enough to know one of the cross sections to find the
other.
3. Calculation of the cross section
The cross section of the reaction (4) is calculated using the diagrams from
Fig. 3 with the corresponding Feynman rules given in Figs. 1(b) and 4(b).
The result reads
σ2(s,MV , mq) = λ
2αsF (s,MV , mq), (6)
where λ is the coupling constant corresponding to the V eq vertex, αs =
g2s/4pi,
F (s,m1, m2) =
1
8m21
{ p
s5/2
[
8s2 + 16m41 − 11m22
(
s+m21
)− 5m42]
+2
2m21 (s
2 − 2m21s+ 2m41) +m22 (s2 − (s− 3m21) (m21 − 2m22))−m62
s3
× log
[
(p2 +m22)
1/2
+ p
m2
]
−8m
4
1 (s−m21)−m22 (s2 + 4m21s+ 6m41)−m42 (s− 12m21) + 2m62
s3
× log
[
(p2 +m21)
1/2
+ p
m1
]}
.
(7)
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Here p =
√
(s− (m1 +m2)2) (s− (m1 −m2)2)/2
√
s is the cm momen-
tum of any of the final state particles.
4. Verification of the validity of the cross section
The similarity between the cross sections of the reactions (3) and (4)
discussed in Section 2 allows to verify the validity of the cross section (6).
Actually, the problem of calculation of σ1(s,MW , ml) is now reduced to just
performing the following obvious replacements of the coupling constants and
the masses of the final state particles in (6):
λ→ g√
2
,
αs
2
→ α, MV →MW , mq → ml, (8)
where g is the coupling of the weak charged current (related to the Fermi
coupling constant GF by GF =
√
2g2/8M2W , α is the fine structure con-
stant. Note that the coefficient of αs is the color factor equal to 1/2 for the
process (4).
So that one finds
σ1(s,MW , ml) = g
2αF (s,MW , ml), (9)
The cross section for the reaction (3) in the leading order has also been
independently calculated in [3], however in such a way that the masses of
the final state leptons were neglected (let us denote this cross section by
σc1(s,MW , ml)). This means that (9) obtained in this letter and the result
of [3] must asymptotically coincide satisfying the following condition:
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σc1(s,MW , ml)
σ1(s,MW , ml)
∣∣∣∣∣√
s≫MW+ml
= 1. (10)
It should be emphasized that (10) is a criterion to verify the validity of
the cross sections obtained in the present letter.
Figure 5 shows that (10) is fulfilled as it must be in the case of cor-
rect calculations. Moreover, there is a perfect coincidence between (9) and
σc1(s,MW , ml) over the entire range of the energy for the case of the elec-
tron in the final state owing to the vanishing electron mass in comparison
with MW .
5. Comparison with previous calculations
The cross section for the reaction (4) in the leading order has also been
calculated in [4] whose result (let us denote it by σc2(s,MV , mq)) significantly
differs from (6). This fact is illustrated in Fig. 6, where dependences of both
cross sections on the cm energy are shown for production of the (eb) and
(et) type vector leptoquarks of mass 1000 GeV at λ = 1 and αs = 0.118.
The difference is more brightly reflected by the ratio of σc2(s,MV , mq) to
σ2(s,MV , mq) shown in Fig. 7. One can see that there may be cases in
which the cross section (6) exceeds the corresponding quantity from [4] by
about a factor of two. This is because different choices of the Lagrangian
responsible for interaction of the leptoquarks with the gluon fields which
lead to different Feynman rules for the gV V vertex [6]. In the present letter
the minimal couplings of the leptoquarks to the gauge fields of the standard
model are assumed while in [4] the Lagrangian with anomalous interaction
terms is used [7, 8].
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6. Production of vector leptoquarks in electron–nucleon collisions
A standard convolution of the cross section (6) with the gluon distri-
bution in the nucleon gives the cross section of inclusive vector leptoquark
production measurable in electron–proton collisions:
σeLp→VX(s,MV , mq) =
∫ 1
x0
dx g(x, s)σ2(xs,MV , mq), (11)
where g(x, s) is the gluon distribution function, x0 = (MV +mq)
2/s.
Figure 8 shows the cross sections for the production of the (eb) and (et)
type vector leptoquarks evaluated using (11) with the gluon distribution
function adopted from CTEQ5 [9].
7. Conclusions
The cross section for vector leptoquark production in electron–gluon colli-
sions is calculated analytically using the SU(3)C×SU(2)L×U(1)Y -symmetric
Lagrangian with the minimal couplings between the leptoquarks and the
gauge fields of the standard model. It is shown that from a formal point of
view this process is similar to exclusive production of W bosons in neutrino–
photon scattering allowed by the standard model whose cross section is also
found. The cross section of the leptoquark production obtained in this letter
significantly exceeds the corresponding result of previous calculations pre-
sented in the literature. The cross sections of inclusive production of the (eb)
and (et) vector leptoquarks in electron–nucleon interactions observable at ep
colliders are evaluated. The presented analysis is applicable to studies of the
production of vector leptoquarks of the other types as well.
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Figure Captions
Fig. 1: The Feynman rules: (a) for the γWW vertex; (b) for the gV V
vertex.
Fig. 2: Tree level Feynman diagrams describing the process νl + γ →
l +W .
Fig. 3: Tree level Feynman diagrams describing the process e+g→ q+V .
Fig. 4: The Feynman rules: (a) for the Wνl vertex; (b) for the V eq
vertex.
Fig. 5: Dependence of the ratio of the cross section σc1(s,MW , ml) taken
from [3] to that calculated in the present letter on the cm energy in the
resonance region.
Fig. 6: Dependence of the cross sections of production of vector lep-
toquarks of mass 1000 GeV on the cm energy. Right panel: the (eb) type
leptoquark. Left panel: the (et) type leptoquark. The solid curves represent
the results of this letter, the dashed curves are the calculations of [4]. The
couplings λ = 1 and αs = 0.118.
Fig. 7: Dependence of the ratio of the cross section σc2(s,MV , mq) taken
from [4] to that calculated in the present letter on the cm energy for pro-
duction of the (et) type vector leptoquark of mass 500 GeV (dash-dotted),
700 GeV (dashed) and 1000 GeV (solid). The dotted line corresponds to
σc2/σ2 = 1.
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Fig. 8: The cross section of the reaction eLp → V X as a function
of the leptoquark mass at
√
s = 1800 GeV. Dashed curve: the (eb) type
leptoquark. Solid curve: the (et) type leptoquark. The coupling λ is divided
out, αs = 0.118.
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